Abstract-Vascular reactivity may affect the stiffness characteristics of the arterial wall. We investigated the association between forearm microcirculatory and conduit artery function and measures of arterial stiffness in 527 asymptomatic non-Hispanic white adults without known cardiovascular disease. High-resolution ultrasonography of the brachial artery (ba) was performed to assess forearm microcirculatory function (ba blood flow velocity, local shear stress, and forearm vascular resistance at rest and during reactive hyperemia) and conduit artery function (ba flow-mediated dilatation [baFMD] and ba nitroglycerin-mediated dilatation [baNMD]). Arterial stiffness was assessed by cuff-derived brachial pulse pressure and aortic pulse wave velocity (aPWV) measured by applanation tonometry. In regression analyses that adjusted for heart rate, mean arterial pressure, height, cardiovascular risk factors, and hypertension medication and statin use, higher baseline ba systolic velocity and systolic shear stress were associated with greater pulse pressure (Pϭ0.0002 and Pϭ0.006, respectively) and higher aPWV (each PϽ0.0001). During hyperemia, lower ba mean velocity and lower mean shear stress were associated with higher pulse pressure (Pϭ0.045 and Pϭ0.036, respectively), whereas both systolic and mean velocity (PϽ0.0001 and Pϭ0.002, respectively) and systolic and mean shear stress (PϽ0.0001 and Pϭ0.003, respectively) were inversely associated with aPWV. baFMD was not associated with pulse pressure but was inversely associated with aPWV (Pϭ0.011). baNMD was inversely associated with pulse pressure (Pϭ0.0002) and aPWV (Pϭ0.008). Our findings demonstrate that impaired forearm microvascular function (in the form of elevated resting blood flow velocity and impaired flow reserve) and impaired brachial artery reactivity are associated with increased arterial stiffness. (Hypertension. 2008;51:1-7.)
H ow arterial stiffness is related to vasoreactivity of conduit arteries and microcirculation is incompletely understood. Although arterial stiffening occurs mainly because of structural alterations in connective tissue proteins in the media, 1 endothelial and smooth muscle cells may influence the viscoelastic properties of the arterial wall and thereby affect arterial stiffness. Endothelium-derived factors including nitric oxide affect several biological processes in the arterial wall, including smooth muscle reactivity, and may have both short-and long-term effects on the degree of arterial stiffness. 2, 3 Smooth muscle cells in medium-sized and small arteries affect arterial stiffness through their regulatory influence on distending pressure as well as by affecting the physical properties of various arterial wall components. 4, 5 In turn, the hemodynamic abnormalities consequent to increased central arterial stiffness may have deleterious effects on the peripheral vasculature. 6 An association between regional endothelial function and arterial stiffness in different vascular beds has been demonstrated using invasive studies in experimental animals 7 as well as in human volunteers. 8 However, the relationship between vasoreactivity of the microvasculature and peripheral conduit arteries and central arterial stiffness has not been adequately defined. In separate studies, microvascular function 9 as well as conduit artery function 10, 11 have been associated with central arterial stiffness, but the evidence in this regard is controversial. 12, 13 The present study was undertaken to test the hypothesis that microvascular and conduit artery function is associated with central arterial stiffness. We investigated the cross-sectional association of forearm microvascular and brachial artery function assessed by brachial artery ultrasonography, with 2 measures of arterial stiffnessbrachial pulse pressure and aortic pulse wave velocity (aPWV)-in a community-based sample of asymptomatic individuals.
Methods

Study Population
Participants belonged to a community-based study of subclinical coronary artery disease. 14, 15 From September 2002 to December 2005, 619 participants underwent arterial function testing including measurement of vascular reactivity in the forearm. Eleven partici-pants with a history of stroke or myocardial infarction and 76 participants with incomplete data or outlier values were excluded. We also excluded 5 participants with technically suboptimal aPWV studies. The final study group consisted of 527 asymptomatic white individuals (254 men and 273 women). The study protocol was approved by the Mayo Clinic Institutional Review Board. Written informed consent was obtained from each subject.
Risk Factor Assessment
Information about the current use of medications, smoking, physician-diagnosed hypertension, myocardial infarction, stroke, or diabetes was obtained during the study interview. Resting blood pressure (BP) levels were taken as the average of second and third of 3 measurements taken at least 2 minutes apart in the right arm with a random-zero sphygmomanometer (Hawksley and Sons). Weight was measured by an electronic balance, height by a stadiometer, and body mass index (BMI) was calculated in units of kg/m 2 . Blood samples were obtained after an overnight fast. Plasma glucose, total cholesterol, and high-density lipoprotein cholesterol were measured using standard enzymatic methods. Diabetes was considered present if a subject was being treated with insulin or oral agents or had a fasting glucose level Ͼ125 mg/dL. History of smoking was defined as having smoked Ͼ100 cigarettes in the past. The diagnosis of hypertension was determined based on BP levels measured at the study visit-systolic BP Ն140 mm Hg or diastolic BP Ն90 mm Hg-or report of a prior diagnosis of hypertension and current treatment with antihypertensive medications.
Aortic Pulse Wave Velocity
For arterial studies, each subject was examined in the morning after an overnight fast and at least 12 hours off medications, smoking, or alcohol. Aortic pulse wave velocity (aPWV) was measured by applanation tonometry (Sphygmocor apparatus, AtCor Medical) as previously described. 14 Briefly, ECG-gated carotid and femoral artery waveforms were sequentially recorded. Aortic length (D) was calculated as the difference in the distances (in meters) from the carotid sampling site to the manubrium sternum and from the manubrium sternum to the femoral artery, the time delay (t, seconds) between the onset of carotid and femoral waveforms (foot-to-foot) was determined from the average of 10 consecutive cardiac cycles, and aPWV was calculated as the ratio of distance to time: aPWVϭD/t (m/s). In 10 volunteers, the within-subject standard deviation of aPWV measured on successive days using this method was 0.66 m/s, which was 7% of the mean aPWV in the present study.
Forearm Vascular Reactivity
After the measurement of pulse pressure and aPWV, microvascular and conduit artery function in the forearm were assessed by noninvasive high-resolution ultrasound of the right brachial artery, using a hand-held ultrasound probe, as described previously. 15 Microvascular function was assessed in terms of brachial artery blood flow velocity, local shear stress, and forearm vascular resistance before and after 5 minutes of ischemia induced by forearm arterial flow occlusion. Peak systolic flow velocity and flow velocity integrated over a cardiac cycle were measured at baseline and during the first 15 s after release of the BP cuff (taking the average of 3 consecutive velocity loops); velocity loops representing the maximum velocity during hyperemia, excluding the first 1 or 2 cycles after cuff release, were considered. Mean flow velocity at baseline and during reactive hyperemia was calculated from corresponding cardiac cycle lengths and time-velocity integrals. Local shear stress was calculated using the equation: shear stressϭ8ϫϫV/D, where is the viscosity of blood (assumed to be 0.035 dynes.s/cm 2 ), V is the velocity of blood (cm/s), and D is the brachial artery diameter (cm). Forearm vascular resistance was calculated as the ratio of mean arterial pressure (MAP, expressed in mm Hg, and assumed to remain constant throughout the test) to forearm blood flow (ml/min) and expressed as resistance units. Conduit artery function was assessed in terms of brachial artery flow-mediated dilatation (baFMD), an endothelium-dependent response, and brachial artery nitroglycerinmediated dilatation (baNMD), an endothelium-independent response.
Statistical Methods
Descriptive statistics are given as meanϮSD (as well as median and range) or as frequency (percent). The distributions of resting forearm vascular resistance, hyperemic forearm vascular resistance, baFMD, and aPWV were skewed and these variables were log transformed. Because of sibships in the sample, generalized estimating equations (GEE) were used to account for the impact of familial correlations on the relationships between independent and dependent variables. 16 We first assessed the association of heart rate, MAP, height, BMI, cardiovascular (CV) risk factors, and hypertension medication and statin use with pulse pressure and aPWV, in univariable GEE models. Next, independent predictors of pulse pressure and aPWV were identified using backward elimination. Finally, the association of vasoreactivity measures with measures of arterial stiffness was determined by including the former in the multivariable GEE models. For brachial flow velocity, shear stress, and forearm vascular resistance, both baseline and hyperemic values were included in the GEE models for pulse pressure and aPWV. The associations of baseline brachial artery diameter, baFMD, and baNMD with pulse pressure and aPWV were examined by including these variables one-at-a-time in the GEE models for pulse pressure and aPWV. The coefficient of determination (R 2 ) was calculated using the likelihood ratio test statistic. 17 We calculated R 2 for the baseline model separately for pulse pressure and aPWV; the change in R 2 value after adding the brachial vasoreactivity variables to the baseline models was then calculated. Statistical significance was determined at PϽ0.05.
Statistical analyses were performed with SAS v 9.1 (SAS Institute).
Results
Subject characteristics and the mean values of forearm vasoreactivity variables and arterial stiffness measures are shown in Tables 1 and 2 , respectively. Mean baFMD and baNMD were 5.30% and 18.98%, respectively. Mean pulse pressure of the participants was 47 mm Hg and mean aPWV was 9.27 m/s. 
Variables Associated With Pulse Pressure
In univariable analyses, variables associated with a higher pulse pressure included greater age, female sex, higher BMI, shorter height, diabetes, higher MAP, hypertension medication use, and statin use. In a multivariable analysis, greater age, shorter height, history of smoking, hypertension medication use, higher MAP, and lower heart rate were independently associated with higher pulse pressure (Table 3) .
Variables Associated With aPWV
In univariable models, greater age, higher BMI, shorter height, diabetes, higher MAP, greater heart rate, hypertension medication use, and statin use were associated with higher aPWV. In a multivariable analysis, greater age, diabetes, higher MAP, higher heart rate, and hypertension medication use were independently associated with higher aPWV (Table 3) .
Association Between Measures of Forearm Vascular Reactivity and Arterial Stiffness
The associations between measures of forearm vascular reactivity and arterial stiffness are summarized in Table 4 . Higher brachial artery systolic flow velocity at baseline and lower brachial artery mean flow velocity during reactive hyperemia were associated with higher pulse pressure and higher aPWV ( Figure 1) ; these associations remained significant after adjustment for CV risk factors and hypertension medication and statin use (Table 4) . Further, lower systolic flow velocity during hyperemia was also independently associated with higher aPWV.
Higher systolic shear stress at baseline and lower mean shear stress during hyperemia were associated with higher pulse pressure and higher aPWV, independently of CV risk factors and hypertension medication and statin use; also lower systolic shear stress during hyperemia was independently associated with higher aPWV (Table 4) .
Higher forearm vascular resistance was associated with higher pulse pressure and higher aPWV in univariable models. After adjustment for other covariates, a greater hyperemic forearm vascular resistance was associated with higher pulse pressure (Pϭ0.036); however, the association aPWV indicates aortic pulse wave velocity; SS, shear stress; FVR, forearm vascular resistance; baD, brachial artery diameter; baFMD, brachial artery flow-mediated dilatation; baNMD, brachial artery nitroglycerin-mediated dilatation. Continuous variables are presented as meansϮSD and median (minimum ͓Min͔, maximum ͓Max͔), whereas categorical variables are presented as counts and percentages. *For NMD, nϭ356. The multivariable regression models for both pulse pressure and log aPWV were built by including all the listed variables in the model and performing backward elimination; only variables significant at PϽ0.01 were included in the final model in each case. Abbreviations as in Tables 1 and 2 of forearm vascular resistance (both resting and hyperemic) with aPWV was not statistically significant in the adjusted model. baFMD was not associated with pulse pressure but was inversely associated with aPWV in the unadjusted model (Pϭ0.039) and after adjustment for age, sex, height, heart rate, MAP, CV risk factors, and hypertension medication and statin use (Pϭ0.011). Lower baNMD was associated with higher pulse pressure before (PϽ0.0001, Figure 2 ) and after adjustment for other known determinants of pulse pressure and CV risk factors (Pϭ0.0002). Lower baNMD was associated with higher aPWV in univariable regression analysis (Pϭ0.006, Figure 2) ; the association remained significant after adjustment for other determinants of aPWV (Pϭ0.008; Table 4 ).
Discussion
Impaired vascular reactivity and arterial stiffening are manifestations of vascular dysfunction in the presence of CV risk factors or established CV disease. Whereas stiffening predominantly affects the central elastic arteries, impaired reactivity to various stimuli can be demonstrated in the microvasculature and conduit arteries of several arterial beds. The results of the present study demonstrate that impaired forearm microvascular function and brachial artery reactivity are associated with increased arterial stiffness.
Normal resting flow and hyperemic response reflect the integrity of vascular function in the microcirculation. Elevated resting forearm blood flow may represent a state of "hyperperfusion," analogous to the increased renal blood flow and glomerular hyperfiltration noted in early stages of diabetes, 18 essential hypertension, 19 and obesity. 20 Reactive hyperemia is attributable mainly to ischemia-induced local release of vasodilator substances, including nitric oxide. 21, 22 We 23 and others 24 have previously shown that CV risk factors are associated with higher resting forearm blood flow and an impaired flow reserve. In the present study, a higher resting brachial artery blood flow velocity was associated with higher brachial pulse pressure and higher aPWV, whereas a lower hyperemic flow velocity was associated with higher aPWV, even after adjustment for CV risk factors. Peak systolic flow velocity at rest and during hyperemia and mean flow velocity during hyperemia were associated with measures of arterial stiffness. Such a pattern of association may be attributable to forward blood flow in the brachial artery being mainly systolic at rest but throughout the cardiac cycle immediately after ischemia.
The association of brachial artery flow velocity with arterial stiffness was similar to the association of local shear stress with arterial stiffness-higher shear stress (particularly systolic shear stress) at rest and lower shear stress during hyperemia were independently associated with higher pulse *Models 1 to 8 are adjusted for other independent predictors of pulse pressure and aPWV (Table 3) ; Model 5 (for FVR) did not include mean arterial pressure as a covariate. Only summaries for brachial reactivity measures are shown; associations of other variables with pulse pressure and aPWV after adding vasoreactivity variables were not different from those in Table 3 . For each model, ⌬R 2 represents change in R 2 after adding the corresponding brachial vasoreactivity measure(s) to the respective multivariable model in Table 3 . Abbreviations as in Table 2 .
pressure and higher aPWV. Local shear stress reflects the flow characteristics better than blood flow velocity, incorporating vessel diameter and blood viscosity. The Framingham Heart Study investigators 24 have shown that changes in local shear stress may be a better measure of microvascular function compared to changes in mean flow volume. Local shear stress has been shown to promote endothelial dysfunction. 25 However, the implications of local brachial artery shear stress for systemic arterial physiology are not known.
A prior study of 2045 asymptomatic adults by Mitchell et al 9 found no association between resting blood flow velocity and pulse pressure, a weak association between resting blood flow velocity and aPWV, and a significant inverse association between hyperemic flow velocity and both measures of arterial stiffness; a stronger association was noted between resting and hyperemic forearm vascular resistance and measures of aortic stiffness. In contrast, in our study, the association of forearm vascular resistance with pulse pressure and aPWV was modest. Both forearm vascular resistance and aPWV (but not flow velocity) are directly related to MAP, setting the stage for possible confounding. Furthermore, unlike vascular resistance, flow velocity is not significantly influenced by tissue volume, making it a better surrogate of microvascular function.
Taken together, these findings suggest that forearm blood flow and flow resistance at rest and during reactive hyperemia are associated with arterial stiffness. A potential mechanism underlying the association may involve the effect of the risk factors shared between these arterial phenotypes. Risk factors associated with arterial stiffness 26, 27 are also associated with structural microvascular abnormalities in the form of increased media-lumen ratio and rarefaction of the microvascular and resistance arteries. 28, 29 The presence of such structural abnormalities could blunt the hyperemic response through a deficient recruitment of microvascular tributaries during ischemia-reperfusion or physical limitation of the vasorelaxant reserve of the microvasculature. 30 An alternative basis for the association between forearm microcirculatory dysfunction and arterial stiffness may be the direct transmission of pressure pulsatility into the microvas- 
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culature. Stiffening of the central arteries decreases the gradient of stiffness that normally exists between the central and peripheral arteries. With loss of the centrifugal gradient of arterial stiffness, reflection of the arterial pressure wave may be reduced, leading to increased transmission of pressure pulse energy into distal microvasculature with possible deleterious consequences for microvascular structure and function. 6 Both constitutive 8, 31 and stimulated 7,32 production of nitric oxide from the endothelium may be important for the functional regulation of arterial stiffness. Further, nitric oxide may modulate the biomechanical properties of arterial wall components, resulting in long-term alterations in the degree of arterial stiffness. 33 baFMD is mediated predominantly through endothelial release of nitric oxide 34 and is considered a measure of systemic endothelial function. We found baFMD to be inversely associated with aPWV but not with pulse pressure. Some earlier studies have also reported an inverse association between baFMD and measures of large artery stiffness. 10, 11, 35 However, Liang et al 12 did not find a correlation between baFMD and aPWV in healthy subjects. Wiesman et al 13 also found no significant correlation between baFMD and aortic distensibility in healthy young volunteers. The reason for the varying observations is not clear and could be partly attributable to differences in sample characteristics.
A novel finding of the present study is the inverse association of baNMD with pulse pressure and aPWV. Arterial smooth muscle reactivity may directly affect arterial stiffness, for example by altering the strain distribution among different arterial wall components. 36 Vasodilatation to nitroglycerin is an "endothelium-independent" response that depends on the reactivity of arterial smooth muscle to nitric oxide released from the intracellular conversion of nitroglycerin 37 and is known to be impaired in presence of CV risk factors. 38 In previous studies, we have shown impaired baNMD to be associated with urinary albumin excretion 39 (a measure of subclinical renal disease) and coronary artery calcium 15 (a measure of subclinical coronary plaque burden), both of which, in turn, are associated with increased arterial stiffness. Our finding in the present study that arterial smooth muscle dysfunction may be a marker of increased arterial stiffness suggests one possible explanation for the association of this phenotype with CV disease.
Strengths and Limitations
Because of the cross-sectional design of the present study, we cannot confirm the direction of association between microvascular and conduit artery vasoreactivity and arterial stiffness. The present study included non-Hispanic white adults and the results may not be applicable to other racial or ethnic subgroups. Nearly a quarter of the study participants were on BP-lowering medications which could have affected arterial reactivity or measures of arterial stiffness. To minimize the impact of any acute vascular effect of these medications on measures of arterial function, brachial artery ultrasound and measurement of pulse pressure and aPWV were performed at least 12 hours off of any medications. Although we measured aortic augmentation index (a measure of arterial wave reflection) using radial artery tonometry, we chose not to include this in the present report; analyses are underway to investigate the association between vasoreactivity measures and aortic augmentation index and the results will be communicated in a future report. A strength of the present study is its relatively large sample size and inclusion of asymptomatic individuals from the community.
Perspectives
The results of the present study indicate that elevated resting forearm blood flow velocity and impaired flow reserve (markers of microvascular function) and impaired brachial artery reactivity (a marker of conduit artery function) are associated with higher brachial pulse pressure and aPWV in asymptomatic adults from the community. Vascular abnormalities in the presence of CV risk factors may be widespread within the arterial system, involving the central large arteries, the medium-sized conduit arteries, and the microvasculature. Abnormalities in peripheral arterial reactivity may affect the stiffness characteristics of the central arterial system, which in turn, may lead to abnormalities in microvascular structure and function, leading to a continuing cycle of increasing arterial stiffness and vascular dysfunction. 
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